ABSTRACT BACKGROUND: Short-term maternal complications of cesarean delivery remain uncertain because of confounding by indication. Our objective was to assess whether cesarean delivery is associated with severe acute intra-or postpartum maternal morbidity compared with vaginal delivery, overall and according to the timing of the cesarean.
C
esarean delivery is a useful intervention for mothers and newborns in many situations. Nonetheless, its rates have soared over the past 20 years in most developed countries, where more than 1 out of 5 women deliver by cesarean. 1 The range of indications for cesarean delivery appears to have broadened considerably, with more cesarean deliveries likely to be performed for questionable medical indications. [2] [3] [4] [5] [6] [7] This increase requires evaluation of its potential adverse consequences on maternal and neonatal health.
The long-term obstetric risks associated with the presence of a scarred uterus in future pregnancies are well recognized, primarily uterine rupture and abnormal placentation. [8] [9] [10] [11] [12] [13] Conversely, conclusions about the comparative short-term maternal risks of cesarean and vaginal delivery remain unclear. A randomized controlled trial among women with no medical indication for cesarean delivery is, at best, ethically questionable. Observational studies can provide relevant information to address this, but their conclusions are likely to be limited owing to confounding by indication. That is, the fact that maternal morbidity may be a result of the condition indicating or justifying the cesarean delivery rather than to the surgical procedure itself can produce an apparent association between cesarean delivery and maternal morbidity.
Earlier studies of the association between maternal mortality and mode of delivery have shown a higher risk of maternal mortality associated with cesarean versus vaginal deliveries. 14, 15 These studies, however, were limited by their retrospective design, the rarity of maternal deaths and insufficient consideration of this confounding by indication. Over the past 10 years, numerous observational studies have reported discordant results about the association between cesarean and severe maternal morbidity, and their conclusions too are limited by several methodological flaws: insufficient control for confounding by indication, inappropriate definition of severe acute maternal morbidity, retrospective designs limiting quality and availability
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HEALTH SERVICES CPD Risk of severe maternal morbidity associated with cesarean delivery and the role of maternal age: a population-based propensity score analysis of data, non-population-based designs restricting the generalizability of results and failure to differentiate between cesarean delivery before or during labour. [16] [17] [18] [19] [20] One of the aims of the EPIMOMS prospective populationbased study, which was specifically designed to study severe acute maternal morbidity, was to explore its association with cesarean delivery. Our objective here is to test for -and if it exists, quantify -the association between intra-or postpartum severe acute maternal morbidity and cesarean versus vaginal delivery, overall and according to the timing of cesarean delivery, before or during labour. This analysis focused especially on controlling confounding by indication, first by careful selection of the women analyzed, excluding situations at high risk of confounding by indication, and then by using propensity scores to control for residual confounding by indication.
Methods

Study population
We designed an unmatched case-control analysis within the EPIMOMS study, a prospective population-based study conducted in 6 French regions from May 1, 2012, through Nov. 30, 2013. Recruitment took place over a 1-year period in each region at 119 maternity units and 136 intensive care units (ICUs) that accounted for 182 309 deliveries during the study period -i.e., one-fifth of those in France during the study period -with characteristics of parturients, hospitals and rates of cesarean deliveries similar to the national profile. 21 The EPIMOMS study includes a standardized definition of severe acute maternal morbidity that was developed through a national Delphi process to gain formal expert consensus, intended to characterize maternal complications with severe health alteration and organ dysfunction. The EPIMOMS multicriteria definition combines diagnoses (severe obstetric hemorrhage, eclampsia, severe preeclampsia, pulmonary embolism, stroke and psychiatric disorder), organ dysfunctions (hepatic, hematological, respiratory, cardiovascular, renal and neurologic), and interventions (admission to ICU and laparotomy after delivery) (definition detailed in Appendix 1, available at www.cmaj.ca/lookup/suppl/doi:10.1503/ cmaj.181067/-/DC1).
Definition of cases and controls
We prospectively identified all women who had a severe acute maternal morbidity event during pregnancy (after 22 weeks of gestation) or in the 42 days postpartum and included them in the EPIMOMS study (n = 2540). We controlled the completeness of case identification through the review of delivery logbooks, hospital discharge data and laboratory files; we included additional cases after their eligibility was confirmed by the clinicians in charge.
For the present analysis, we excluded women with antepartum severe acute maternal morbidity and defined other exclusion criteria to focus on the population for which the alternate between cesarean and vaginal delivery exists, so women in situations in which 1 mode of delivery is systematically used were excluded. Other exclusion criteria included obstetric conditions that developed during pregnancy that were symptomatic and present before labour and responsible for postpartum severe acute maternal morbidity (e.g., placenta previa responsible for a severe postpartum hemorrhage, or preeclampsia diagnosed during pregnancy and meeting severe acute maternal morbidity criteria in the postpartum); and severe acute maternal morbidity during labour that required an emergency cesarean. The remaining women with intrapartum or postpartum severe acute maternal morbidity were the cases used for our analysis.
Concomitantly, as per the EPIMOMS study protocol, from the hospitals' delivery files we selected a 1/50 random sample of women who delivered without severe acute maternal morbidity in the same regions during the same time period as the control group. We determined this control sample size to be able to show a relative risk of 1.5 or more for a characteristic present in 10% or more of the women with α = 0.05 and 1 -β = 0.9; with an expected incidence of severe acute maternal morbidity of 1% of deliveries, the inclusion of 2% of deliveries without severe acute maternal morbidity -i.e., 1/50 -in the control group was needed. Similar exclusion criteria as for the cases were applied.
Definition and measurement of exposures
For all women with severe acute maternal morbidity and those of the representative control sample included in the EPIMOMS study, we collected data on the women's social and demographic characteristics, pre-existing medical and obstetric conditions, characteristics and complications of the current pregnancy and delivery, and details about the course and management of the morbidity event from medical records in which these items were prospectively recorded as they occurred. We collected data about characteristics of the maternity units in a specific questionnaire.
Mode of delivery, the exposure of interest, was studied in 2 ways. We first distinguished vaginal from cesarean deliveries. Then, to take into account the timing of the cesarean delivery, we created 3 groups: vaginal deliveries, cesarean deliveries before labour and cesarean deliveries during labour.
Statistical analysis
We compared the characteristics of cases and controls, based on χ 2 or Fisher exact tests for categorical variables and Student t or Wilcoxon rank sum tests for continuous variables, as appropriate.
To control for confounding factors that might influence both the choice of the mode of delivery and the occurrence of intra-or postpartum morbidity, we used a propensity score approach. A woman's propensity score was defined as her probability of a cesarean delivery based on her individual covariates measured before delivery. Details on the propensity score construction and matching are provided in Appendix 2 (available at www.cmaj.ca/ lookup/suppl/doi:10.1503/cmaj.181067/-/DC1). In the matched set, we used paired conditional generalized estimating equation logistic regression to estimate odds ratios (ORs) and their 95% confidence intervals (CIs) to quantify the association between the mode of delivery and severe acute maternal morbidity. We also performed a sensitivity analysis by inverse propensity score weighting (details of the method used are provided in Appendix 3, available at www.cmaj.ca/lookup/suppl/doi:10.1503/ cmaj.181067/-/DC1).
We tested for clinically relevant interactions by using interaction terms between modes of delivery and the covariates considered. Because a significant positive interaction was found with maternal age, we reran the analysis after stratifying by maternal age: < 25 years, 25-29 years, 30-34 years and ≥ 35 years.
Similar propensity score analyses were performed when considering 3 modes of delivery: vaginal, cesarean delivery before labour and cesarean delivery during labour, with vaginal as the reference category, as explained in Appendix 4 (available at www.cmaj.ca/lookup/suppl/doi:10.1503/cmaj.181067/-/DC1).
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Sensitivity analyses
For testing the association between the modes of delivery (2-or 3-groups exposure) and severe acute maternal morbidity, we also used a multivariable logistic regression model, based on ORs with their 95% CIs, adjusting for prognostic covariates. We used multilevel modelling to take into account the hierarchical structure of the data (women within maternity units) and the nonindependence of observations within maternity units.
Second, the association between the mode of delivery and severe acute maternal morbidity was tested according to the underlying causal condition by differentiating morbidity owing to severe obstetric hemorrhage and morbidity owing to other conditions by multilevel multivariable logistic modelling.
Finally, we tested the association between the planned (as opposed to the actual mode in our main analysis) mode of delivery (planned cesarean v. planned vaginal) and severe acute maternal morbidity by multilevel multivariable logistic modelling. The proportion of women with missing confounders ranged from 0% to 9.3%, including 3761 (72%) women with full data, whose characteristics were close to those of the women with missing data (data not shown). We used multiple imputation-chained equations to impute missing data. We performed all analyses with imputed data and with nonimputed data (data not shown).
All tests were 2-sided, with p values of 0.05 or less denoting statistical significance. We used STATA 13 software (StataCorp LP) to conduct the descriptive and multivariate analyses, and its "psmatch2" package for matching on propensity score. 23, 24 We used the R "Twang" and "survey" packages for the analysis with Excluded n = 263
• Condition responsible for SAMM present and symptomatic before or during labour n = 263
Women with intra-or postpartum SAMM not resulting from a condition present before delivery
Cases n = 1444
Sample of women without SAMM Controls n = 3464 propensity scores for multiple treatments and "ggplot2" package to create graphics.
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Ethics approval
The study was approved by the National Data Protection Authority (Commission Nationale de l'Informatique et des Libertés [CNIL] authorization no. 912210, Mar. 14, 2012).
Results
Study population
Of the women who participated in this study, 1444 were cases and 3464 were controls ( Figure 1 ). Among women with severe acute maternal morbidity, the main underlying causal condition was severe obstetric hemorrhage, observed in 1231 (85.3%) women (Appendix 5, available at www.cmaj.ca/lookup/suppl/ doi:10.1503/cmaj.181067/-/DC1). Most severe obstetric hemorrhages resulted from uterus atonia (57.9%). Compared with the control group, women in the case group were significantly more frequently native of sub-Saharan Africa, older, nulliparous or parous with at least 1 previous cesarean, and living without a partner; they also had a higher body mass index and, more often, pre-existing maternal conditions; more previous obstetric hemorrhages; in vitro fertilization; multiple pregnancies; anemia; gestational hypertensive disorders; breech presentations; preterm deliveries; no prophylactic oxytocin after birth; and babies who were larger for gestational age (Table 1) . The proportion of cesarean delivery was significantly higher among cases than controls (36.0% v. 18.2%). Cesarean deliveries were more frequent among cases both either before labour (14.5% v. 8.5%) or during labour (21.5% v. 9.5%).
Propensity score-matched analysis
Of the 1150 women who had cesarean deliveries, 917 (79.7%) could be matched with 917 (24.4%) of the 3758 women who delivered vaginally. In the matched sample, cesarean delivery was associated with an increased risk for severe acute maternal morbidity (adjusted OR 1.8, 95% CI 1.5-2.2).
In each maternal age stratum, matched groups were well balanced (Appendix 2B). Compared with vaginal delivery, cesarean delivery was associated with a significantly higher risk for severe acute maternal morbidity in women aged 25 years and older (25-29 yr: adjusted OR 1.5, 95% CI 1.1-2.2; 30-34 yr: adjusted OR 1.6, 95% CI 1.2-2.3; ≥ 35 yr: adjusted OR 2.9, 95% CI 1.9-4.4) (Figure 2) .
When distinguishing the 3 modes of delivery, the risk for severe acute maternal morbidity was significantly higher with cesarean deliveries during labour at all maternal ages (< 25 yr: adjusted OR 1.6, 95% CI 1.0-2.9; 25-29 yr: adjusted OR 2.0, 95% CI 1.3-3.1; 30-34 yr: adjusted OR 2.5, 95% CI 1.6-3.9; ≥ 35 yr: adjusted OR 4.1, 95% CI 2.4-6.9). By contrast, the risk for severe acute maternal morbidity with cesarean deliveries before labour was significantly higher only for women aged 35 years and older (adjusted OR 5.1, 95% CI 2.3-11.0) (Figure 3) .
The sensitivity analysis with inverse propensity score weighting provided similar results (Appendix 3B).
Sensitivity analyses
Analysis by multivariable logistic regression models in the whole population provided broadly similar results to propensity score estimates (Figures 2 and 3) .
Analysis by categories of underlying causal condition showed that cesarean delivery was associated with an increased risk of severe obstetric hemorrhage and also with an increased risk of severe acute maternal morbidity from other underlying causal conditions combined (Appendix 6, available at www.cmaj.ca/lookup/suppl/doi:10.1503/cmaj.181067/-/ DC1). Analyses with nonimputed data found similar results (data not shown).
Analysis of the planned mode of delivery showed an increased risk of severe acute maternal morbidity associated with planned cesarean, as compared with planned vaginal delivery, only in women aged 35 years and older (Appendix 7, available at www.cmaj.ca/lookup/suppl/doi:10.1503/cmaj .181067 /-/DC1).
Interpretation
In a prospective population-based analysis focused especially on controlling confounding by indication, cesarean delivery was independently associated with a significantly higher risk of intraor postpartum severe acute maternal morbidity than vaginal delivery. The strength of this association was additionally modified by maternal age. The excess risk was particularly marked for Association between cesarean delivery and severe acute intra-or postpartum maternal morbidity by maternal age. Note: CI = confidence interval, OR = odds ratio. *Variables for propensity score: country of birth, living without partner, maternal age, body mass index, smoker, pre-existing medical condition, parity and prior cesarean delivery, previous obstetric hemorrhage, previous gestational hypertensive disorders, multiple pregnancy, in vitro fertilization, gestational hypertensive disorder, anemia in third trimester, breech presentation, large for gestational age (LGA), gestational age at delivery, maternity unit status; adjusted for no prophylactic oxytocin after birth; after multiple imputation. †118 women with cesarean delivery matched with 118 women with vaginal delivery. ‡Adjusted for country of birth, living without partner, age, body mass index, smoker, pre-existing medical condition, parity and prior cesarean delivery, previous obstetric hemorrhage, previous gestational hypertensive disorders, multiple pregnancy, in vitro fertilization, gestational hypertensive disorder, anemia in third trimester, breech presentation, no prophylactic oxytocin after birth, LGA, gestational age at delivery, maternity unit status; after multiple imputation. §225 women with cesarean delivery matched with 225 women with vaginal delivery. ¶298 women with cesarean delivery matched with 298 women with vaginal delivery.**226 women with cesarean delivery matched with 226 women with vaginal delivery.
women older than 35 years and existed for cesarean deliveries both before and during labour in this subgroup. The results were consistent for the different statistical methods used to take confounding factors and confounding by indication into account.
Our findings enhance the bulk of evidence that shows that although cesarean delivery is usually a safe intervention, it remains an invasive surgical procedure with intrinsic adverse effects for women. This should be taken into account in the benefit-risk balance when choosing the mode of delivery, together with the reported increased risk of adverse outcomes in babies born by cesarean delivery at short and long term. [26] [27] [28] Indeed, although the literature on this issue is contradictory, some recent studies have reported a higher risk of severe acute maternal morbidity in women who delivered by cesarean delivery, 17, 18 but several methodological limitations raised questions about their results: the retrospective design limits the quality and availability of data, and in consequence potentially leads to inaccurate characterization of women with severe acute maternal morbidity and of the Association between cesarean delivery (A) before and (B) during labour, and severe acute intra-or postpartum maternal morbidity by maternal age. Note: CI = confidence interval, OR = odds ratio. *Variables for propensity score: country of birth, living without partner, age, body mass index (BMI), current smoker, pre-existing medical condition, parity and prior cesarean delivery, previous obstetric hemorrhage, previous gestational hypertensive disorders, multiple pregnancy, in vitro fertilization, gestational hypertensive disorder, anemia in third trimester, breech presentation, large for gestational age (LGA), gestational age at delivery and maternity unit status; adjusted for no prophylactic oxytocin after birth; after multiple imputation. †Adjusted for country of birth, living without partner, age, BMI, current smoker, pre-existing medical condition, parity and prior cesarean delivery, previous obstetric hemorrhage, previous gestational hypertensive disorders, multiple pregnancy, in vitro fertilization, gestational hypertensive disorder, anemia in third trimester, breech presentation, no prophylactic oxytocin after birth, LGA, gestational age at delivery and maternity unit status; after multiple imputation.
timing of the cesarean delivery, and to a limited number of available covariables. Additional limitations have included insufficient consideration of confounding by indication performed through the selection of a low-risk population; definition of severe acute maternal morbidity limited to selected components of severe maternal morbidity, which does not allow for a comprehensive study of severe maternal complications; and use of data from hospital databases that do not allow for accurate and valid characterization of women or of morbidity events.
Using prospective data and a strong methodology to avoid indication bias, we found that cesarean delivery is independently associated with a significantly higher risk of severe acute maternal morbidity than vaginal delivery. Our main analysis was deliberately performed according to the actual mode of delivery and not according to the planned mode of delivery, for different reasons. First, from an explanatory or causal perspective, to isolate the intrinsic risk of severe maternal morbidity associated with cesarean delivery, it is more relevant to conduct an analysis according to the received mode of delivery, which is the actual exposure. Conversely, when the objective is to guide clinical practice in a specific context where there is a debate on what strategy for delivery should be chosen first, an analysis by intended mode of delivery will answer the question. In addition, an analysis by intended mode of delivery in the overall population of parturients will be very much affected by the initial selection and proportion of women with planned cesarean delivery, and then by the selection and proportion of cesarean deliveries during labour (this last route of delivery being the most at risk), both highly dependent on obstetric practices. We nevertheless also conducted a sensitivity analysis with the intended mode of delivery; its results were consistent with our main analysis, showing an increased risk of severe maternal morbidity associated with planned cesarean delivery in women aged 35 years and older, a result similar to that observed for cesarean delivery performed before labour. This was an expected finding, as most planned cesarean deliveries are performed before labour.
Another important result is that the risk of severe acute maternal morbidity associated with cesarean delivery is modified by maternal age. In higher-income countries, maternal age at delivery has increased during recent decades; women older than 35 years account for a substantial proportion of pregnancies -17.0% in the United States, 21% in France and in England and 21.7% in Canada in 2016. [29] [30] [31] [32] Concomitantly, the rate of cesarean delivery has risen, especially in women older than 35 years, with rates around 30% reported in this older age group. 33, 34 Older maternal age has been associated with more pre-existing conditions, more obstetric complications, resulting in more maternal morbidity, and with an increased risk of progression from severe maternal morbidity to death. [35] [36] [37] [38] We adjusted for known pre-existing conditions in our analysis. It is nonetheless possible that preclinical alterations of organ function owing to aging limit the potential of some women to recover after stress such as surgery and explain the effect of age on these maternal complications of cesarean delivery. Such changes have been reported in nonobstetric contexts, including resuscitation after sepsis or hemorrhagic shock, and may reflect a lack of physiologic robustness to respond to pathology with older age. 39, 40 In the obstetrics setting, various studies have reported an increased risk of postpartum hemorrhage with advanced maternal age; 38, [41] [42] [43] [44] [45] pathophysiological data also support this mechanism, including changes in myometrial contractility with maternal age, which may cause severe obstetric hemorrhage. 46, 47 This study has several strengths. It was based on a population-based prospective cohort study, which enables us to consider the diversity of practices and of women's characteristics. Both the use of a standardized and comprehensive definition of severe acute maternal morbidity based on a national consensus and the prospective identification of women meeting this definition limited the risk of selection bias for cases. The method we used to select the women in the control group as a representative sample of the source cohort makes selection bias unlikely for them as well. The study design allowed for the collection of covariables and potential confounding factors absent in studies conducted from hospital databases. 17, 18 The accuracy of the prospective data collection of the EPIMOMS study makes it possible to distinguish with certainty cesarean before labour and cesarean during labour, which is known to offer more at risk of intra-or postpartum severe acute maternal morbidity. 17 Finally, through diverse statistical approaches, we also took into account the confounding by indication inherent in this type of observational study. We performed a propensity score analysis and made extensive adjustments for confounding factors to minimize the likelihood of incorrectly attributing any risk of intra-or postpartum severe acute maternal morbidity to cesarean delivery.
Limitations
The main limitation of this study is its observational nature and therefore, despite the large number of covariables available, we cannot exclude the presence of a possible unmeasured residual confounding, in particular for intrapartum cesarean. Furthermore, for maternal conditions that were not excluded, adjustment for complications or diseases that existed before delivery as binary variables, or inclusion of these variables in the propensity score, may not completely control for confounding, if the severity within pre-existing conditions or categories of pregnancy complications was heterogeneous, which could also lead to possible, although marginal, residual confounding. However, such a residual confounding seems unlikely to explain the strength of the association found here.
This study was conducted in France, which may limit the external validity of the results for other countries. However, the rate and practices of cesarean delivery in France, as well as its overall rates of maternal mortality and severe morbidity, are similar to those in other high-resource countries. 1, 33, 34 The predominance of severe obstetric hemorrhage as the main underlying causal condition of intra-or postpartum severe acute maternal morbidity, although standard in all similar studies, 17, 18 is even stronger in the current study because of the selection of postpartum morbidity cases designed to limit confounding by indication. However, we also found that the risk of severe acute maternal morbidity from other causes combined was increased with cesarean delivery, which shows that the cesarean deliveryrelated maternal risks are not limited to bleeding.
Finally, the rarity of each of the other underlying causal conditions of severe acute maternal morbidity limited specific analyses of their association with cesarean.
Conclusion
We found that cesarean delivery was associated with a higher risk of severe acute maternal morbidity than vaginal delivery, particularly in women aged 35 years and older. This result has implications for clinical practice and will be useful in deciding the mode of delivery. Our finding raises questions about the practices of some obstetricians who may consider cesarean deliveries to be indicated by advanced maternal age, with the idea that there will probably be no further pregnancies. This practice should be modified to avoid unnecessarily exposing women older than 35 years to the excess risk of severe acute maternal morbidity. In addition, when a cesarean delivery is necessary, our finding should encourage caregivers to prepare more proactively for the potential severe acute maternal morbidity that may result.
